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This paper addresses some of the issues and concerns on research advances on the toxicology
of chemical mixtures. Emphases will be selectively given to the following questions and answers:
Can mechanistic studies be conducted on chemical mixtures? The fact that any studies, including
mechanistic studies, of single chemicals are really the study of the parent chemical plus its
metabolites underscores the relevance of mechanistic studies on chemical mixtures. Can
predictions be made on the health effects of chemical mixtures? Some successes are already
evident in the literature on simpler chemical mixtures. For more complex mixtures, it is possible
and we propose an approach here. What can we learn from other disciplines (the importance of
interdisciplinary collaboration)? Two aspects, the knowledge and methodologies available in
clinical pharmacology and the latest advances in structure-oriented lumping in chemical
engineering, are discussed in detail. Unrepeatable results: The possibility of magnification of
biologic variability because of low-level exposures to chemical mixtures is suggested with special
reference to some known examples, including the controversial study on synergistic interactions
of endocrine disruptors. Is the driving force for scientific investigations on chemical mixtures the
legislative and regulatory atmosphere? Two laws with chemical mixtures specifically in the
language are quoted and discussed. Their implications regarding research funding and activities
are described. What are the pitfalls of applying for research funding on investigating chemical
mixtures? The dilemma at least one investigator faces in pursuing research funding is elaborated.
The questions and issues listed above are not all inclusive, but they represent some of the
aspects that need to be brought into the open in the scientific community for discussion and/or
debate. Thus, the primary objective of this paper is to provide some momentum for the beginning
of a fruitful and stimulating discussion. Environ Health Perspect 106(Suppl 4):1059-1063
(1998). http://ehpnetl.niehs.nih.gov/docs/1998/Suppl-4/1059-1063yang/abstract.html
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Introduction
When dealing with Superfund hazardous is that there is really no such thing as a sin-
waste disposal sites, one cannot avoid fac- gle chemical exposure (1,2). Although all
ing the issues ofchemical mixtures. How- scientists appear to agree that exposure to
ever, the problems ofmultiple chemical chemical mixtures is the rule rather than
exposures and the related possible health the exception, few would risk their scien-
consequences go far beyond Superfund tific careers to devote themselves to the
hazardous waste disposal sites. The reality study of chemical mixtures. It is much
This paper is based on a presentation at the Symposium on the Superfund Basic Research Program: A Decade
of Improving Health through Multi-Disciplinary Research held 23-26 February 1997 in Chapel Hill, North
Carolina. Manuscript received at EHP 1 1 December 1997; accepted 18 February 1998.
The research work and related concept development on chemical mixtures in our laboratory were supported
in part by a Superfund Basic Research Program Project Grant (P42 ES05949) from the National Institute of
Environmental Health Sciences and a grant (F49620-94-1-0304) from the Air Force Office of Scientific Research.
Without such generous support for biomedical research, this work could never have been possible.
Address correspondence to R.S.H. Yang, Center for Environmental Toxicology and Technology, Colorado
State University, Rampart Road, Foothills Campus, Fort Collins, CO 80523-1680. Telephone: (970) 491-5652.
Fax: (970) 491-8304. E-mail: ryang@cvmbs.colostate.edu
Abbreviations used: hER, human estrogen receptor; NIEHS, National Institute of Environmental Health
Sciences; PBPK/PD, physiologically based pharmacokinetic/pharmacodynamic; QSAR, quantitative
structure-activity relationship; SOL, structure-oriented lumping.
more comfortable and safe to go with the
crowd on single-chemical research than to
serve as a lightening rod. This fear is justifi-
able because research funding is unlikely to
go to projects that are unusual, risky, and
potentially controversial.
The past 15 years or so have witnessed
the gradual maturing ofthe area oftoxi-
cology ofchemical mixtures. Symposia at
annual meetings in major scientific soci-
eties include topics related to chemical
mixtures with increasing frequency. Major
conferences on chemical mixtures are held
almost on an annual basis on both sides of
the Atlantic Ocean (3). More investigators
are getting involved in this area ofresearch,
and the research work is becoming more
and more sophisticated. As is true with any
developing area, there are issues unique to
chemical mixtures, and there are concerns
facing the investigators engaging in
researchworkon chemical mixtures.
A number of recent publications
(1,4,5) have dealt with some ofthe peren-
nial issues in chemical mixture research,
such as: Are there toxicologic interactions
at low, environmentally realistic exposure
levels to chemical mixtures? How does one
go about studying chemical mixtures?
What chemical mixtures are to be used in
studies? To avoid repetition, these issues
are not discussed here. Instead, a number
ofspecific questions are posed and each is
addressed in the context of the current





The short answer to this question is "yes?"
In reality, when investigators study a single
chemical, they are actually studying a fairly
complex mixture because of biotrans-
formation and chemical interactions. For
instance, in the body, n-hexane is metabo-
lized to 2-hexanol, which can be further
metabolized to 2,5-hexanediol and 2-hexa-
none. Both of these metabolites may in
turn be further biotransformed to 5-
hydroxy-2-hexanone and go on to form
2,5-hexanedione, a neurotoxic agent and a
major metabolite in humans (6). Thus, we
have at least six chemicals involved in the
study of one single chemical, n-hexane,
and the toxic species is quite far down the
line. In the area ofcarcinogenesis, it is pos-
sible for a chemical mixture to contain
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chemicals possessing initiation, promotion,
and progression properties working in con-
cert to bring about neoplastic transforma-
tions. To carry this line ofreasoning a litde
further, why can't various components ofa
chemical mixture perturbate signal trans-
duction pathway, growth factors, genetic
material, oncogenes and suppressor genes,
cell differentiation, etc. to either enhance
or inhibit the potential of carcinogenesis?
Therefore, when dealing with a chemical
mixture, the mechanisms of toxicity are
there; they are more complex and difficult,
but not impossible, to study.
Investigators in the area ofendocrine
disruptors have had an ongoing discussion
about chemical mixtures, synergism, and
mechanisms (7). The principal stimulant
for these discussions came from a publica-
tion (8) in which the investigators reported
that combinations ofweakly estrogenic
environmental pollutants ended up with
remarkable synergism, as much as a 1600-
fold increase in estrogenic activity. Although
this paper was retracted (9) because the
results could not be repeated in a number
oflaboratories, scientific deliberations con-
tinued. Among the discussions, one school
ofthought is that the investigation ofpos-
sible synergistic endocrine disruptive activi-
ties ofchemical mixtures should be focused
on multiple mechanisms rather than a sin-
gle mechanism (7). This is additional sup-
port for the contention that mechanistic
studies can be conducted with chemical
mixtures. With the availability of many
different types of cell culture systems and
the recent advances in molecular biology
techniques, the study of multiple mecha-
nisms of a given toxicologic end point
induced by a chemical mixture is becoming




Many in the toxicology community would
probably think that it is impossible to pre-
dict the health effects from exposures to a
chemical mixture, particularly a complex
chemical mixture, because sometimes we
have trouble with even two chemicals at a
time. To put things in perspective, I
would like to quote a passage from The
Making oftheAtomic Bomb (10) about the
early development of nuclear physics. The
passage was a summary of a speech by
Ernest Rutherford, the great British experi-
mental physicist at Cavendish Laboratory,
Cambridge University (Cambridge,
England), presented 12 September, 1983.
Hope ofTransforming AnyAtom
What, Lord Rutherford asked in conclu-
sion, were the prospects 20 or 30 years
ahead?
High voltages ofthe order ofmillions
ofvolts would probably be unnecessary
as a means of accelerating the bom-
barding particles. Transformations
might be effected with 30,000 or
70,000 volts.... He believed that we
should be able to transform all the
elements ultimately.
We might in these processes obtain
very much more energy than the proton
supplied, but on the average we could
not expect to obtain energy in this way.
It was a very poor and inefficient way of
producing energy, and anyone who
looked for a source of power in the
transformation ofthe atoms was talking
moonshine.
At that time, Rutherford was referring to his
beliefthat whoever talks about the liberation
of atomic energy on an industrial scale is
talking foolishly or nonsensically. Ofcourse,
later events proved that Rutherford, an
eminent physicist, was wrong.
Can predictions be made on the health
effects ofchemical mixtures? My answer to
this question, at the present time, is: likely.
Prediction ofhealth effects usually involves
some type ofmathematical modeling, which
may range from the dassical compartmental
pharmacokinetic modeling to the currendy
advancingphysiologically based pharmacoki-
netic/pharmacodynamic (PBPK/PD) model-
ing and/or quantitative structure-activity
relationship (QSAR) modeling. Some suc-
cesses ofprediction ofpharmacokinetic fate,
as well as toxicity ofsimple chemical mix-
tures, are already evident in the literature
(11-22). The toxicologic end points ofpre-
diction, for instance, indude an interaction
threshold (18,19) and acute lethality due to
hepatic injuries (20).
For more complex mixtures, lung
cancer risks can be predicted reasonably
well based on exposure to cigarette smoke,
coke oven mains, and roofing tar. This was
made possible by many years ofresearch in
human epidemiology and experimental tox-
icology on the mutagenicity, carcinogenic-
ity, and DNA alteration ability of these
mixtures (23-32). As for other complex
mixtures, the integration of PBPK/PD,
QSAR modeling, and lumping analysis (a
modeling tool used in the petroleum indus-
try) may formulate a predictive tool for
health effects (33). In the 1960s the appli-
cation oflumping analysis rendered it pos-
sible to predict gasoline production based
on a few lumps rather than the thousands
of component chemicals of the petroleum
(34,35). Thus, even though relatively litde
is known about the complex mixture of
petroleum, a predictive tool was developed
and applied from modeling. If the rela-
tively crude lumping analysis can predict
some aspects ofcatalytic cracking ofpetro-
leum approximately 30 years ago, why
can't we attempt to predict health effects
from chemical mixtures through much
more sophisticated modeling such as the




The knowledge and methodologies available
in clinical pharmacology, aquatic toxi-
cology, and the latest advances in SOL in
chemical engineering are examples of
research areas for us to explore for the
advancement ofchemical mixture toxicol-
ogy. Today the world gets doser and doser
because ofadvances in telecommunication
technologies. Investigators have ready access
to more and more information that was
unavailable to them previously. Scientific
developments are increasingly dependent on
cross-fertilization from different disciplines.
The National Institute of Environmental
Health Sciences (NIEHS) Superfund Basic
Research Program is one such example
where biomedical researchers work side by
side with ecologists, engineers, etc. to create
synergistic creativity toward addressing the
complex problems ofSuperfund hazardous
waste disposal sites.
Because of the complexity ofproblems
related to toxicology research on chemical
mixtures, it is fruitful to open our minds to
reach out for concepts and technologies in
other disciplines for possible applications.
Pioneering work in the field of medical
pharmacology, which is closely related to
toxicology, offers many learning opportuni-
ties. For simpler chemical mixtures involv-
ing two or three components, the vast
literature on drug interactions (38-41)
provides excellent opportunities for scien-
tific exploitation. We may profit a great
deal from the utilization of isobolographic
analysis, response-surface methodology,
median-effect principles, and other
methodologies (42-47). Equally important
and stimulating, the contributions of
aquatic toxicology in the last two decades
have been particularly useful in the
advancement ofthe toxicology ofchemical
mixtures for three reasons: aquatic organ-
isms offer alternative experimental models
for complex study designs for chemical
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mixtures; mixture toxicology has been a
major regulatory and research concern in
aquatic toxicology since the 1980s; and the
advancement of QSAR modeling in rela-
tion to aquatic toxicology provides unique
opportunities for learning (48-51).
To reach out a little further into the
domain ofpetroleum engineering, there are
techniques we may borrow and utilize to
address the toxicology ofcomplex chemical
mixtures. As indicated previously, the con-
cept oflumping analysis was advanced in
the 1960s to provide a predictive modeling
tool in petroleum engineering (34,35).
Verhaar et al. (33) discussed lumping
analysis tailored for toxicologists. The basic
principle oflumping analysis was to sim-
plify the thousands of components by
lumping similar chemicals together based
on boiling points and/or the total carbon
numbers ofthe molecules. In doing so, a
complex chemical mixture is made man-
ageable bygrouping the thousands ofcom-
ponents into a few lumps or a few
pseudocomponents. The modeling ofthis
new mixture ofa few pseudocomponents,
though crude, was useful enough to predict
gasoline yields. However, this type of
approach neither incorporates realistic
process chemistry nor allows for the simul-
taneous calculation of many properties.
Thus, it is not able to predict gasoline
composition or how composition impacts
the required quality specifications. This
area remained unchanged for more than 25
years until a new approach, SOL, emerged.
SOL was developed in response to the need
for incorporating molecular detail in petro-
leum chemistry to predict product compo-
sitions and properties (36,37). The basic
concept ofthe SOL approach is that any
petroleum molecule can be described and
represented by a set ofstructural features or
groups (36,37). Huge numbers ofmolecu-
lar structures and their related process
chemistry are digitized in a systematic
manner such that computer modeling and
simulation are possible for complex mix-
tures. The end results are a much more
accurate and powerful predictive capability
for both the unknown components and/or
the end points ofinterest such as boiling
point, specific gravity, and absolute viscos-
ity of homologous series of petroleum
chemicals (36,37).
This powerful tool should be directly
applicable to the health effects ofcomplex
chemical mixtures because what happens in
the body when animals or humans are
exposed to complex chemical mixtures is
really a manifestation of chemical and
physical processes. Our laboratory suggested
an approach to study chemical mixtures by
integrating QSAR, lumping analysis, and
PBPK/PD modeling (33). We are currendy
exploring collaborative research oppor-





In the last 2 years or so, one ofthe most
controversial publications in toxicology was
the report by Arnold et al. (8) on highly
synergistic activities when weakly estrogenic
chemicals are combined and exposed to a
yeast estrogen system containing a human
estrogen receptor (hER). These investiga-
tors showed that combinations oftwo weak
environmental estrogens, such as dieldrin,
endosulfan, or toxaphene, were 1000 times
as potent in hER-mediated transactivation
as any chemical alone. Because results in
this paper suggested synergism among
endocrine disruptors in the environment, a
great deal ofattention was focused on it by
the scientific community, the media, and
the U.S. Congress. Approximately 13
months later, the paper (8) was retracted
(9) because several laboratories in the
United States and Europe, including the
Tulane/Xavier Center where the original
work in that publication was conducted,
could not repeat the studies. Although
some of the scientific critics agreed that
"...lots of good labs report results that
can't be repeated..." and "...scientists suc-
ceed or fail in replicating studies every
day..." (7), this controversy brought the
issue ofexperimental variabilities in chemi-
cal mixture studies into focus. In our own
laboratories at three different institutions,
my colleagues and I had at least three such
experiences ofunrepeatable experiments on
separate projects covering a span ofmany
years. For instance, in a collaborative pro-
ject between NIEHS and the former U.S.
Environmental Protection Agency Health
Effects Research Laboratory, we initially
observed distinct interactive liver toxicity
(serum chemistry and histopathologic
changes) in Fischer 344 rats between a
mixture ofgroundwater contaminants in
drinking water and an acute dose ofcarbon
tetrachloride. We were understandably
excited about the enhancement ofcarbon
tetrachloride liver toxicity by the preexpo-
sure ofa mixture ofgroundwater contami-
nants at low, environmentally realistic
levels. Because it was a one-dose prelimi-
nary study, we repeated the experiment
with more animals per group and increased
the carbon tetrachloride dose levels to four
doses plus control, bracketing the original
dose in the initial study. In addition, we
incorporated a restricted water control
group because the chemical mixture caused
a reduction ofwater intake in the animals.
This time, to our surprise, we failed to
observe such interactive hepatotoxicity
because the reduction in water consump-
tion caused sufficient enhancement ofliver
toxicity by carbon tetrachloride so as to
render the toxicologic interaction between
the chemical mixture and carbon tetra-
chloride insignificant. Our final publica-
tion (52) reported a lack of toxicologic
interaction-a complete reversal from our
original observation.
It is possible that this type ofproblem
is particularly acute with chemical mixture
studies, especially at low doses. Because of
the multiple chemicals involved, the
intrinsic animal/sample variability is
amplified in the final results. Given the
limitation of resources for sample size,
such amplification ofbiologic variability






In the language oftwo public laws enacted
recently, the specific emphasis ofresearch
work on chemical mixtures was stated. For
instance, an amendment to the Clean Air
Act enacted on 15 November 1990, con-
tains such language in two sections:
"...Consideration ofindividual, as well as
complex mixtures of, airpollutants and their
chemical transformations in the atmos-
phere..." (53) and "...In conducting the
research program under this subsection, the
Administrator shall develop methods and
techniques necessary to identify and assess
the risks to human health from both routine
and accidental exposures to individual air
pollutants and combinations thereof..."
(54). More recently, the Safe Drinking
Water ActAmendments of 1996 (55), con-
tained the following language "...The
Administrator shall conduct biomedical
studies to...develop new approaches to the
study ofcomplex mixtures, such as mixtures
found in drinking water, especially to deter-
mine the prospects for synergistic or antago-
nistic interactions that may affect the shape
of the dose-response relationship of the
individual chemicals and microbes, and to
examine noncancer endpoints and infectious
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diseases, and susceptible individuals and
subpopulations...."
Such insightful legislation, presumably
under the advisement ofscientists, inevitably
leads to increased research funding in the
area of chemical mixtures. As a researcher
interested in chemical mixtures, I would
hope that this type oflegislation will bring
about the much-needed momentum for





The application of grants using a central
theme of chemical mixtures is really a
catch-22. Everyone agrees that it is impor-
tant to study chemical mixtures, but there
is no agreement on the best way to
approach such studies. In general, the more
visionary, complex, unconventional, and
risky a grant proposal is, the less likely it is
to be funded. The principal reason is that
most reviewers get uncomfortable and ner-
vous when a proposal is out of the norm
(i.e., not what everyone else is doing).
Research proposals on chemical mixtures
are certainly out of the norm. Because of
the intrinsic complexity associated with
research on chemical mixtures, a systematic
approach is usually untenable because of
limitation of resources. Therein lie the
potential flaws for the reviewers to uncover.
If the legislation mentioned previously
(53-55) is any indication of the future
trend, we should be seeing a lot of scien-
tific activities related to chemical mixtures
in the future. With the potential for an
expanded research investment in the area
of chemical mixtures looming on the
horizon, what can we do to cultivate a
workable strategy? My view is that the tra-
ditional U.S. National Institutes ofHealth
study sections are not the answer. These
peer-review bodies have served in an
outstanding manner for basic research.
However, they are too specific, too molec-
ular biology driven, and too far removed
from solving the problems facing society.
For research on chemical mixtures to have
a chance to bear fruit, special ad hoc peer-
review groups should be established. The
individuals on these panels must have an
appreciation of the complexity and prob-
lems related to dealing with chemical mix-
tures, and they must also have unusually
open minds to accommodate risky research
and unconventional thinking.
Conclusion
In this paper, I have attempted to express my
views on a number ofissues critically impor-
tant to the research development ofthe toxi-
cology ofchemical mixtures. I tried to be
provocative, not to cause anger or resent-
ment, but to invite debate or discussion.
Hopefully, through this type ofexchange, we
will be better thinkers and investigators.
REFERENCES AND NOTES
1. Yang RSH. Toxicologic interactions of chemical mixtures. In:
Comprehensive Toxicology. Vol 1: General Principles,
Toxicokinetics, and Mechanisms of Toxicity (Bond J, ed).
Oxford, England:Elsevier, 1997;189-203.
2. Yang RSH, El-Masri HA, Thomas RS, Constan AA. The use of
physiologically-based pharmacokinetic/pharmacodynamic
dosimetry models for chemical mixtures. Toxicol Lett
82/83:497-504 (1995).
3. Feron VJ, Groten JP, van Bladeren PJ. Exposure ofhumans to
complex chemical mixtures: hazard identification and risk
assessment. Arch Toxicol (in press).
4. Pollak JK. The Toxicology of Chemical Mixtures. An
Introduction to Recent Development in Toxicology, the Centre
for Human Aspects ofScience and Technology (CHAST). New
SouthWales, Australia:University ofSidney, 1993.
5. Yang RSH. Introduction to the toxicology of chemical mix-
tures. In: Toxicology of Chemical Mixtures: Case Studies,
Mechanisms, and Novel Approaches (Yang RSH, ed). San
Diego, CA:Academic Press, 1994;1-10.
6. Andrew LS, Snyder R. Toxic effects ofsolvents and vapors. In:
Casarett and Doull's Toxicology. The Basic Science ofPoisons.
4th Ed (Amdur MO, Doull J, Klaassen CD, eds). New
York:Pergamon Press, 1991.
7. Scientists predict Tulane's retraction will have little impact on
debate. Environ Health Lett (September):1 17-118 (1997).
8. Arnold SF, Klotz DM, Collins BM, Vonier PM, Guillette LJ
Jr, McLachlan JA. Synergistic activation of estrogen receptors
with combinations of environmental chemicals. Science
272:1489-1492 (1996).
9. McLachlan JA. Synergistic effect of environmental estrogens:
report withdrawn. Science 277:462-463 (1997).
10. Rhodes R. The Making ofthe Atomic Bomb. New York:Simon
and Schuster, 1986;27-28.
11. Andersen ME, Clewell HJ. Pharmacokinetic interaction of
mixtures. In: Proceedings of the Fourteenth Annual
Conference on Environmental Toxicology. AFAMRL-TR-83-
099. Wright-Patterson Air Force Base, OH:Harry G.
Armstrong Aerospace Medical Research Laboratory,
1983;226-238.
12. Purcell KJ, Cason GH, Gargas ML, Andersen ME, Travis CC.
In vivo metabolic interactions ofbenzene and toluene. Toxicol
Lett 52:141-152 (1990).
13. Sato A, Endoh K, Kaneko T, Johansson G. Effects of con-
sumption of ethanol on the biological monitoring of exposure
to organic solvent vapors: a simulation study with tric loro-
ethylene. BrJ Ind Med 48:548-556 (1990).
14. Thakore KN, Gargas ML, Andersen ME, Mehendale HM.
PBPK derived metabolic constants, hepatotoxicity, and lethal-
ity of bromodichloromethane in rats pretreated with chlorde-
cone, phenobarbital or Mirex. Toxicol Appl Pharmacol
109:514-528 (1991).
15. Tardif R, Lapare S, Charest-Tardif G, Brodeur J, Krishnan K.
Physiologically-based modeling ofthe toxicokinetic interaction
between toluene and m-xyfene in the rat. Toxicol Appl
Pharmacol 120:266-273 (1993).
16. Tardif R, Lapare S, Charest-Tardif G, Brodeur J, Krishnan K.
Physiologically-based modeling of a mixture of toluene and
xylene. RiskAnal 15:335-342 (1995).
17. Barton HA, Creech JR, Godin CS, Randall GM, Seckel CS.
Chloroethylene mixtures: pharmacokinetic modeling and in
vitro metabolism ofvinyl chloride, trichloroethylene, and trans-
1,2-dichloroethylene in rat. Toxicol Appl Pharmacol
130:237-247 (1995).
18. El-Masri HA, Tessari JD, Yang RSH. Exploration of an inter-
action threshold for the joint toxicity of trichloroethylene and
1,1-dichloroethylene: utilization of a PBPK model. Arch
Toxicol 70:527-539 (1996).
19. El-Masri HA, Constan AA, Ramsdell HS, Yang RSH.
Physiologically based pharmacodynamic modeling of an inter-
action threshold between trichloroethylene and 1,1-
dichloroethylene in Fischer 344 rats. Toxicol Appl Pharmacol
141:124-132 (1996).
20. El-Masri HA, Thomas R, Sabados R, Phillips JK, Constan AA,
Benjamin SA, Andersen ME, Mehendale HM, Yang RSH.
Physiologically based pharmacokinetic/pharmacodynamic
modeling of the toxicologic interaction between carbon tetra-
chloride and kepone. Arch Toxicol 70:704-713 (1996).
21. Pelekis M, Krishnan K. Assessing the relevance of rodent data
1062 Environmental Health Perspectives * Vol 106, Supplement 4 * August 1998ISSUES ON CHEMICAL MIXTURES
on chemical interactions for health risk assessment purposes: a
case study with dichloromethane-toluene mixture. Reg Toxicol
Pharmacol (in press).
22. Tardif R, Charest-Tardif G, Brodeur J, Krishnan K.
Physiologically-based pharmacokinetic modeling of a ternary
mixture of alkyl benzenes in rats and humans. Toxicol Appl
Pharmacol 144:120-134 (1997).
23. Nakayama T, Kaneko M, Kodama M, Nagata C. Cigarette
smoke induces DNA single-strand breaks in human cells.
Nature 314:462-464 (1985).
24. Hoffmann D, Wynder EL. Smoking and occupational cancers.
Prev Med 5:245-261 (1976).
25. Kodama M, Kaneko M, Aida M, Inoue F, Nakayama T,
Akimoto H. Free radical chemistry of cigarette smoke and its
implication in human cancer. Anticancer Res 17:433-437
(1997).
26. Wynder EL, Hoffmann D. Experimental tobacco carcinogene-
sis. Science 162:862-871 (1968).
27. Hammond EC, SelikoffIJ, Seidman H. Asbestos exposure, cig-
arette smoking and death rates. Ann NY Acad Sci
330:473-490 (1979).
28. Kennaway NM, Kennaway EL. Study of the incidence of
cancer ofthe lung and larynx. J Hyg 36:236-267 (1936).
29. Lloyd IW. Long-term mortality study of steelworkers. V:
Respiratory cancer in coke plant workers. J Occup Med
13:53-68 (1971).
30. Nesnow S, Triplett LL, Slaga TJ. Comparative tumor-initiating
activity ofcomplex mixtures from environmental particulate
emission on SENCAR mouse skin. J NatI Cancer Inst
68:829-834 (1982).
31. Nesnow S, Evan C, Stead A, Creason J, Slaga TJ, Triplett LL.
Skin carcinogenesis studies ofemission extracts. In: Toxicological
Effects of Emissions from Diesel Engines (Lewtas J, ed).
Amsterdam:Elsevier, 1982;295-320.
32. National Academy of Sciences/National Research Council.
Complex Mixtures. Washington:National Academy Press,
1988.
33. Verhaar HJM, Morroni JS, Reardon KF, Hays SM, Gaver DP,
Carpenter RL, Yang RSH. A proposed approach to study the
toxicologyofcomplex mixtures ofpetroleum products: the inte-
grated use ofQSAR, lumping analysis, and PBPK/PD model-
ing. Environ Health Perspect 105(Suppl 1):179-195 (1997).
34. Wei J, Kuo JCW. A lumping analysis in monomolecular reac-
tion systems: analysis ofthe exactly lumpable system. Ind Eng
Chem Fundam 8:114-123 (1969).
35. Kuo JCW, Wei J. A lumping analysis in monomolecular reac-
tion systems: analysis ofapproximately lumpable system. Ind
Eng Chem Fundam 8:124-133 (1969).
36. Quann RJ, JaffSB. Building useful models ofcomplex reaction
systems in petroleum refining. Chem Eng Science
51:1615-1635 (1996).
37. Quann RJ. Modeling the chemistry ofcomplex petroleum mix-
tures. Environ Health Perspect (in press).
38. Mehta M. PDR Guide to Drug Interactions, Side Effects,
Indications. Montvale, NJ:Medical Economics Company,
1996.
39. Goldstein RS, Hewitt WR, Hook JB. Toxic Interactions. San
Diego, CA:Academic Press, 1990.
40. Calabrese EJ. Multiple Chemical Interactions. Chelsea,
MI:Lewis Publishers, 1991.
41. Calabrese EJ. Alcohol Interactions with Drugs and Chemicals.
Chelsea, MI:Lewis Publishers, 1991.
42. Chou TC, Talalay P. Generalized equations for the analysis of
multiple inhibitions of Michaelis-Menten and high-order
kinetic systems with two or more mutually exclusive and
nonexclusive inhibitors. EurJ Biochem 115:207-216 (1981).
43. Chou TC, Talalay P. Quantitative analysis ofdose-effect rela-
tionships: the combined effects ofmultiple drugs or enzyme
inhibitors. Adv Enzyme Regul 22:27-55 (1984).
44. El-Masri HA, Reardon KF, Yang RSH. Integrated approaches
for the analysis oftoxicologic interactions ofchemical mixtures.
CRC Crit RevToxicol 27:175-197 (1997).
45. Carter WH Jr, Wampler GL. Review of the application of
response surface methodology in the combination therapy of
cancer. CancerTreat Rep 70:133-140 (1986).
46. Carter WH Jr, Ginnings C, Staniswalis JG, Campbell ED,
White KL Jr. A statistical approach to the construction and
analysis ofisobolograms. J Am Coll Toxicol 7:963-973 (1988).
47. Carter WHJr, Ginnings C. Analysis ofchemical combinations:
relating isobolograms to response surfaces. In: Toxicology of
Chemical Mixtures: Case Studies, Mechanisms, and Novel
Approaches (Yang RSH, ed). San Diego, CA:Academic Press,
1994;643-663.
48. Bergman HL, Kimerle RA, Maki AW. Environmental Hazard
Assessment ofEffluents. Elmsford, NY:Pergamon Press, 1986.
49. Kinerson RS. Modelling the fate and exposure ofcomplex mix-
tures ofchemicals in the aquatic environment. In: Methods for
Assessing the Effects of Mixtures of Chemicals (Vouk VB,
Butler GC, Upton AC, Parke DV, Asher SC, eds). New
York:John Wiley & Sons, 1987;409-421.
50. Lloyd R. Special tests in aquatic toxicity for chemical mixtures:
interactions and modification of response by variation of
physicochemical conditions. In: Methods for Assessing the
Effects ofMixtures ofChemicals (VoukVB, Butler GC, Upton
AC, Parke DV, Asher SC, eds). New York:John Wiley & Sons,
1987;491-507.
51. Van der Gaag MA. Tests for growth retardation and pathology
in fishes exposed to complex mixtures: experiences on polluted
river water. In: Methods for Assessing the Effects ofMixtures
ofChemicals (Vouk VB, Butler GC, Upton AC, Parke DV,
Asher SC, eds). NewYork:John Wiley & Sons, 1987;775-794.
52. Simmons JE, Yang RSH, Svendsgaard DJ, Thompson MB,
Seely JC, McDonald A. Toxicology studies ofa chemical mix-
ture of25 groundwater contaminants: hepatic and renal assess-
ment, response to carbon tetrachloride challenge, and influence
of treatment-induced water restriction. J Toxicol Environ
Health 43:305-325 (1994).
53. U.S. Congress. Clean Air Act Amendments. Title IX-Clean
Air Research, Section 901(c), Air Pollutant Monitoring,
Analysis, and Inventory Research. Public Law 101-549 [S.
1630]. Washington:U.S. Government Printing Office, 15
November 1990.
54. U.S. Congress. Clean Air Act Amendments. Title IX-Clean
Air Research, Section 901(d), Environmental Health Effects
Research. Public Law 101-549 [S. 1630]. Washington:U.S.
Government Printing Office, 15 November 1990.
55. U.S. Congress. Safe Drinking WaterActAmendments of1996.
Section 1458(b), Biological Mechanisms. Public Law 104-182
[S. 1316]. Washington:U.S. Government Printing Office,
1996.
Environmental Health Perspectives * Vol 106, Supplement 4 * August 1998 1063